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Solution conformation of a parallel DNA triple helix with 5′ and 3′
triplex–duplex junctions
Juan Luis Asensio1†, Tom Brown2 and Andrew N Lane1*
Background: Polypurine·polypyrimidine sequences of DNA can form parallel
triple helices via Hoogsteen hydrogen bonds with a third DNA strand that is
complementary to the purine strand. The triplex prevents transcription and
could therefore potentially be used to regulate specific genes. The
determination of the structures of triplex–duplex junctions can help us to
understand the structural basis of specificity, and aid in the design of optimal
antigene oligonucleotides.
Results: The solution structures of the junction triplexes
d(GAGAGACGTA)–X–(TACGTCTCTC)–X–(CTCTCT) and
d(CTCTCT)–X–(TCTCTCAGTC)–X–(GACTGAGAGA) (where X is
bis(octylphosphate) and nucleotides in the triplex regions are underlined) have
been solved using nuclear magnetic resonance (NMR) spectroscopy. The
structure is characterised by significant changes in the conformation of the
purine residues, asymmetry of the 5′ and 3′ junctions, and variations in groove
widths associated with the positive charge of the protonated cytosine residues
in the third strand. The thermodynamic stability of triplexes with either a 5′ or a
3′ CH+ is higher than those with a terminal thymidine.
Conclusions: The observed sequence dependence of the triplex structure, and
the distortions of the DNA at the 5′ and 3′ termini has implications for the
design of optimal triplex-forming sequences, both in terms of the terminal bases
and the importance of including positive charges in the third strand. Thus,
triplex-stabilising ligands might be designed that can discriminate between
TA·T-rich and CG·C+-rich sequences that depend not only on charge, but also
on local groove widths. This could improve the stabilisation and specificity of
antigene triplex formation.
Introduction
The formation of DNA triple helices is potentially a
powerful means of regulating gene expression by directly
preventing transcription [1]. Parallel triplex-binding pro-
teins have been recently identified in HeLa cells [2,3]
and drosophila [4]. A major problem with the use of DNA
triplexes as antigene agents is the low affinity of the third
strand for the DNA duplex. Detailed structural informa-
tion on triplexes is therefore urgently needed to allow us
to understand the nature of the interactions involved in
the specificity of triplex formation and in the generation
of binding strength and how proteins might recognise
these molecules. To date there are no full three-dimen-
sional X-ray structures of DNA triplexes, although a
PNA2·DNA (peptide nucleic acid·DNA) triplex has been
analysed. The structure of this molecule is sufficiently
different from any other known structure to warrant a new
designation, namely the P form [5]. A number of solution
structures of intramolecular DNA triple helices have been
reported [6–11]. All of them showed nucleotide confor-
mations typical of the B form, and an overall structure
similar to, but nonetheless distinct from, standard B DNA,
especially regarding the displacement of the helix axis.
However, none of these structures addressed the possi-
ble differences in the DNA structure at the junction
between the triplex and the duplex.
It is evident from footprinting data that the conformation
and/or dynamics of triple helices are different from those of
the underlying duplexes. DNase I cuts duplex DNA exclu-
sively from the minor groove, yet a third strand in the
major groove almost completely abolishes the activity of
the DNase I enzyme [12]. Furthermore, the rate of cleav-
age of the phosphodiester bonds by DNase I is greatly
enhanced at the 3′ junction of a parallel triplex and the
duplex in comparison to the rate of cleavage of the free
duplex [12]. Also, the 5′ junction is the preferred intercala-
tion site for different ligands [1,13]. This suggests that there
are marked changes in the conformation and/or dynamics
of the minor groove upon formation of the triple-stranded
structure. To date little is known about the actual confor-
mational difference between duplexes and triplexes, and
the changes that may occur at the junctions. Molecular
modelling studies [14] have indicated that there may be a
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transition from B-like DNA with S-type (S = south ≈ C2′-
endo) sugar puckers in the duplex regions, to a more A-like
structure in the triplex regions, necessitating a kink at the
junction site. However, nuclear magnetic resonance (NMR)
spectroscopy data show conclusively that the underlying
duplexes in triple helices are not characterised by N-type
(N = north ≈ C3′-endo) sugars [6–11,15]. Nevertheless, the
structural data do show that the axis of the DNA duplex in
triple helices is displaced by 2–3 Å into the minor groove.
We have recently shown that there are changes in the con-
formation of the purine nucleotides upon formation of a
parallel triple helix, and that the pyrimidine strands are
dynamic [10]. There is also some evidence that the thermo-
dynamic stability of triple helices is affected by the pres-
ence of a duplex overhang [16].
In this article, we extend our results on an alternating
intramolecular triplex helix whose conformation we have
previously analysed [10] to include both 5′ and 3′ junc-
tions. The structure shows some remarkable conformation
effects at the 5′ junction and in the purine strand within
the triplex region. These properties can be related to the
observed thermodynamic stability of these triplexes and
to the differences in behaviour between a free duplex and
DNA in the triplex state.
Results and discussion
Thermodynamics
The dissociation of triplexes with 5′ or 3′ duplex exten-
sions and flush-ended triplexes was measured by ultravio-
let (UV) melting. The melting curves were biphasic, and the
lower-temperature transition (corresponding to the melting
of the triplex to duplex plus third strand) moved to a
higher temperature as the pH was lowered from 7 to 5.5
(Table 1). The triplex was not stabilised by a duplex exten-
sion; this may even be slightly destabilising (Table 1). This
is in contrast with duplex DNA that contains a single-
stranded overhang [17,18]. There is a clear influence on
the thermodynamic stability of the terminal base in the
Hoogsteen strand. Those triplexes having a free termi-
nal cytosine (i.e. unconstrained on either the 3′ or 5′ side)
are more stable than the ones ending in T by 6–10K
(Table 1), regardless of the presence or absence of a
duplex extension. This probably reflects the extra stability
of the protonated cytosine residue, which, compared to a
T, reduces the fraying from the end [19].
NMR spectroscopy
NMR spectra were recorded on the junctions J5′ and J3′
(see Figure 1 for sequences and numbering) molecules as
described in the Materials and methods section. Figure 2
shows a portion of a nuclear Overhauser effect spec-
troscopy (NOESY) spectrum of J3′ in D2O showing the
H6/H8(i)–H1′(i)–H6/H8(i+1) connectivities in the Watson–
Crick purine strand. The corresponding free duplexes
were also assigned by analogous methods. The upper
panel in Figure 2 shows the H1′–H2′/H2′′ region of a
double quantum filtered correlation spectroscopy (DQF-
COSY) spectrum, which provides the assignment of H2′
and H2′′ once the H1′ are known from the NOESY sequen-
tial assignments. These cross-peaks also show variations in
fine structure (cf. T9 and C18) that reflect differences in
the sugar conformations. However, the presence of both
H1′–H2′ and H2′′ cross-peaks, the splittings between outer
components of the cross-peaks and the details of the fine
structure indicate that the sugars are predominantly in the
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Table 1
Thermodynamics of junctions.
Molecule pH Tm/K
T D ∆GTD298
J5′C: CTCTCT–TCTCTCAGTC–GACTGAGAGA 5.5 334 349 –15.3
7.0 296 346 0.75
J5′T: TCTCTC–CTCTCTAGTC–GACTAGAGAG 5.5 323 346 –10.0
7.0 286 345 >0
J3′C: AGAGAGTCAG–CTGACTCTCT–TCTCTC 5.5 333 349 –22.4
7.0 298 350 0.13
J3′T: GAGAGATCAG–CTGATCTCTC–CTCTCT 5.5 327 347 –11.0
7.0 286 347 >0
GAGAGA–TCTCTC–CTCTCT 5.5 328 329 –18.4
7.0 290 334 4.1
TCTCTC–CTCTCT–AGAGAG 5.5 328 339 –14.4
7.0 286 337 4.1
CTCTCT–TCTCTC–GAGAGA 5.5 331 337 –22.7
7.0 294 337 1.88
D1: GAGAGACGTA–TACGTCTCTC 5.5 – 351 –
Tm values were determined from absorbance versus temperature profiles, as described in the text. T is the triplex–duplex transition and D is the
duplex–strand transition. ³GTD298 is the free energy difference between the triplex and strand state at 298K.
S domain, with some admixture of N conformations for
some pyrimidine residues (see below).
The assignment of the imino and amino protons was
straightforward using NOESY spectroscopy in H2O, as
has been previously described [10,20]. The two duplexes
D3′ and D5′ were assigned in a similar manner. Strong
NOEs between CytN3H (cytosine N3H) and the down-
field-shifted (9–10 ppm) amino protons show the hydro-
gen-bonded network of these residues and form the basis
for their assignment. The imino protons of the Hoog-
steen strand also show interactions with the purine H8
(see below), which is characteristic of the parallel YR·Y
(where Y is a pyrimidine and R is a purine residue) triplex
motif [20]. Only two of the CytN3H were observed in
the two junctions: C21/C23 in J3′ and C23/C25 in J5′.
The remaining CytN3H is presumably exchange-broad-
ened (data not shown).
The value of 1JCH for the cytosine C5–H5 is a good indica-
tion of the state of protonation of this residue [21]. We
have determined 1JCH in J5′ from heteronuclear single
quantum coherence (HSQC) spectra (data not shown).
The value of 1JCH for the Hoogsteen cytosine residues was
6 Hz larger than 1JCH for the Watson–Crick cytosines
present either in the triplex or the duplex regions, or in
free 5′-CMP at pH 7. This shows that the Hoogsteen
cytosines are all protonated, including the terminal cyto-
sine whose N3H+ is not observable in the NMR spectrum,
presumably because of exchange with solvent. This is
supported by the chemical shifts of the cytosine C6/H6
and C5/H5, which are found in distinct spectral regions
for the Watson–Crick and the Hoogsteen bases. Hence,
although the pKa of the CytN3H must be higher than
five, the N3H of the terminal cytosines exchange more
rapidly, consistent with a lower pK value than the internal
ones, which is usually > 9 in the triplex [19].
The changes in chemical shifts of the Watson–Crick strands
on formation of the triplexes are shown in Figure 3. As pre-
viously observed [10], there are large, alternating changes in
chemical shifts of the H8 and H1′ resonances in the purine
strand. The shift perturbations on the pyrimidine strand are
much smaller. The shift perturbations of H1′, which are in
the minor groove, indicate that there must be a change in
the conformation of the purine strand in the triplex in com-
parison to the duplex. Furthermore, the shift perturbations
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Figure 1
Sequences and numbering of the junction DNA molecules. The
strands are numbered: I (purine strand), II (pyrimidine strand) and III
(Hoogsteen strand).
J5'
5'C21T22C23T24C25T26
3' III
   
5'G1 A2 C3 T4  G5 A6 G7 A8 G9 A10
3' I
      3'C20T19G18A17C16T15C14T13C12T11 
5' II
J3'
5'C21T22C23T24C25T26
3' III
5'G1 A2 G3 A4 G5 A6 C7 G8 T9 A10
3' I
3'C20T19C18T17C16T15G14C13A12T11
5' II
J5'3'
5'C29T30C31T32C33T34
3' III 
5'G1 A2 C3 T4 G5 A6 G7 A8 G A10C11G12T13A14
3' I
3'C28T27G26A25C24T23C22T21C20T19G18C17A16T15
5' II
Structure
Figure 2
NOESY and COSY of J3′. The spectra were recorded at 14.1T, as
described in the Materials and methods section. The lower panel shows
the 300 ms NOESY in the base to H1′ region. The sequential walk along
the purine strand is indicated. The upper panel shows the DQF-COSY
spectrum of the H1′–H2′/H2′′ region of the same molecule, and the fine
structure of the H1′–H2′ and H1′–H2′′ cross-peaks.
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Structure
on the purine strand rapidly die out after the junction at the
3′ end, but persist for two residues at the 5′ end. This indi-
cates that there may be differences in conformation at the 5′
and 3′ junctions.
Nucleotide conformations
DQF-COSY spectra of the two junctions were recorded
with high resolution in the directly detected dimension.
Both spectra show the expected cross-peaks between the
H1′ and H2′ and H2′′ (Figure 2). In the purine strand, the
fine structure of the two cross-peaks for each nucleotide are
typical of sugars that are predominantly in the S domain,
with pseudorotation phase angles, P, between ~120° and
160°. For those residues for which three independent
sums of coupling constants could be measured, it was
found that they could not be accounted for by a single
conformation. The nucleotide conformations were there-
fore analysed as a two-state equilibrium between an S state
and an N state [22], with PN = 9°, as previously described
[23]. The purines on average are >90% S. The Watson–
Crick pyrimidines have a higher fraction of the N state, but
are still predominantly (> 60%) S. In the Hoogsteen strand,
the sugars, especially those of the cytosines, have a much
greater contribution from the N state, as has been previ-
ously observed in these kinds of triplexes [10,11,15]. The
close similarity of the coupling constants in the triplex
and duplex states shows that the sugar conformations are
not significantly perturbed upon formation of the triplex.
Hence, the conformational changes that do occur (see
above) must involve other conformational parameters.
There is, however, one particularly important difference
in the coupling patterns of the two molecules. The 5′-ter-
minal Hoogsteen residue, C21, shows a coupling pattern
that is typical of the C3′-endo conformation in J5′, but is
primarily C2′-endo in J3′. In both molecules, the nucleo-
tide at the 3′ end of the Hoogsteen strand has a predomi-
nantly S-type sugar. Thus, there are differences in confor-
mation of the terminal residues in junctions, which is in
agreement with the asymmetric chemical shift difference
profile (Figure 3). It is possible that in J5′ C21 can make
an interaction with the overhanging duplex, which is obvi-
ously not possible in J3′.
The backbone torsion angle γ was also determined for a
large number of the nucleotides. For the purines, in par-
ticular, the H4′ is relatively well-resolved, so that upper
limits on the value of Σ4′ could easily be determined from
cross-sections in NOESY and DQF-COSY spectra. In the
parent duplexes all Σ4′ < 10 Hz, which is consistent only
with the gauche+ (g+) rotamer (γ ≈ 60°). Both in J5′ and in
J3′, most of the nucleotides have Σ4′ < 12 Hz, again consis-
tent with g+. However, in the purine strands, unusual 1H
chemical shifts and NOEs were observed for the H4′ of
some of the adenine residues in the junction molecules,
but not in the duplexes (Figure 4). The H4′ resonance of
these residues has an unusually large width at half height
(~18 Hz) in comparison to the other purines or pyrim-
idines (width < 10 Hz). In addition, the resonance shows a
splitting of ~10 Hz. Furthermore, in the DQF-COSY spec-
trum, there is one intense cross-peak and one absent cross-
peak corresponding to the H4′–H5′, H5′′. Because the
analysis of the other coupling constants showed that the
sugar pucker is mainly S-like (see above), the value of 3J3′4′
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Figure 3
Chemical-shift differences between the triplexes and duplexes.
Chemical-shift differences (sδ) versus sequence were calculated from
assignments of the free duplex and triplexes.
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must be < 4 Hz. Thus the splitting must arise from
H4′–H5′/H5′′. Therefore, γ cannot be g+, as the 3J4′5′ and
3J4′5′′ are both < 3 Hz for this conformation [24]. We con-
clude that for these nucleotides γ is in either the trans (t;
~180°) or g– (~–60°) conformation. However, there is a
strong NOE between H3′ and the H5′, but no NOE
between H3′ and H5′′ (Figure 4). Thus, the two protons
can be stereospecifically assigned, and γ is unambiguously
t [24]. The shifted H4′ resonance of A4 in J3′ also shows a
significant cross-peak to the H1′ of the preceding nucleo-
tide (G3; Figure 4), indicating a distance of < 4 Å. In the
normal B conformation the distance would be > 5 Å. In
contrast, the same residues in the free duplexes do not
have shifted resonances, the H4′ is narrow (< 10 Hz), and
there is no sequential H1′(i–1)–H4′(i) NOE. Hence, in the
duplex state, the backbone angle γ is g+. Similarly, in J5′,
A6 and A8 showed the large splitting of their upfield-
shifted H4′ resonance, which also had a significant NOE to
the H1′ of the preceding guanine. The terminal A residues,
or those in duplex regions, did not show this behaviour.
There is therefore a significant local change in conforma-
tion of the internal adenine residues upon formation of the
triplex helix, i.e. γ(g+) becomes γ(t). 
We have previously suggested that the alternation in the
chemical shifts of the base and H1′ protons in the purine
strand (Figure 3) correlates with an alternation of the gly-
cosyl torsion angle in the triplex [10]. The relative strength
of the intranucleotide H8–H2′ NOEs indicates a similar
alternation in the present junction triplexes (see below).
This alternation disappears in the duplex portions of the
two triplexes, and seems to be a property of GpA and ApG
steps within parallel triplexes. In addition, the alternation
in χ is accompanied by an alternation in γ. As will be
shown below, the presence of γ(t) requires a compensating
adjustment in the backbone angle α so that there are local
changes both in the nucleotides and in the backbone
along the purine strand of the triplex.
Molecular structure
A summary of the data relevant to the structure calculation
of J5′ and J3′ (Figure 1) is shown in Table 2. The precision
of the structures can be judged by comparison with the
experimental NOEs. R1 and R1/6 were calculated for the
final structures using NOESY experiments with different
mixing times and then averaged. In general, the R factors
calculated for the B-like starting models were much lower
(R1/6 = 0.085, 0.077 for J5′ and J3′, respectively) than the
ones calculated from the A form (R1/6 = 0.16, 0.18 for J5′ and
J3′), which clearly indicates that the overall structure of J5′
and J3′ is closer to the B form than to the A form. There
was a significant reduction in both R1 and R1/6 after the
restrained molecular dynamics refinement (R1/6 = 0.041 for
both J5′ and J3′), showing that neither the B form nor the
A form provides a good representation of the molecules in
solution. The final structures are in excellent agreement
with the experimental data.
The two junction molecules have identical triplex sequences;
the differences are entirely in the position of the extending
duplex. The chemical-shift profiles (Figure 3), coupling
constants and NOE intensities show that the triplex regions
have the same conformation, except for the residues at the
triplex–duplex junction. We have therefore combined the
two molecules into one longer molecule consisting of the 5′
four base pair duplex, the common six base triple triplex
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Figure 4
Unusual γ torsions in the purine strand of the
triplexes. NOESY and DQF-COSY spectra of
J3′ were recorded at 500 MHz, as described
in the Materials and methods section. Bottom
left: NOESY spectrum showing H4′–H1′
cross-peaks. The unusual shift and sequential
NOE for G3H1′–A4H4′ and A4H1′–A4H4′ is
boxed. Top left: H4′–H5′/H5′′ region NOESY
spectrum. The H4′–H5′/H5′′ cross-peaks of
A4 are shown boxed. Top right: DQF-COSY
spectrum corresponding to the top left panel.
Bottom right: NOESY spectrum of the
H3′–H4′ region of the duplex, showing the
absence of unusual H1′–H4′ cross-peaks.
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and the 3′ four base pair duplex. Detailed structure calcula-
tions on this molecule were carried out as described in the
Materials and methods section. The constraints obtained
for J5′ and J3′ were combined to calculate the structure of
J5′3′ (Figure 1). This restraint set included 615 distance
constraints and 67 dihedral constraints. An ensemble of ten
structures was obtained with less than two violations larger
than 0.2 Å (and none greater than 0.3 Å) and low energy
values. The pairwise root mean square deviation (rmsd)
(heavy atoms) was 0.64 ± 0.18 Å.
The final ensemble for J5′3′ is shown in Figure 5. Unsur-
prisingly, the portion of J5′3′ that contains the sequence of
J5′ agrees well with the final structure of J5′, and similarly
the J3′ portion of J5′3′ shows good agreement with the
daughter molecule (Table 2). Thus, the structures of J5′
and J3′ are duplicated in J5′3′. The length of J5′3′ allows a
more extensive calculation of groove widths and also of
other helical parameters in both duplex and triplex regions
because relatively few residues are affected by end fraying.
We have therefore presented the analysis in the form of
the combined molecule (J5′3′). 
Backbone torsion angles
Most of the backbone torsion angles are not directly con-
strained by the NOESY data. Angle constraints were only
applied to some of the γ angles and in the deoxyribose ring.
In general, the backbone angles of the final ensemble of
J5′3′ are typical of B DNA, with α in the range 255–295°, β
between 153° and 193°, γ around 60° and ε between 150°
and 200°. The conformation of the purine strand is the best
determined because of the much higher density of con-
straints resulting from the better spectral dispersion and
because this strand interacts with two other strands. The
pyrimidine strands, especially the Hoogsteen strand, are
fairly uniform. The large standard deviation of the torsion
angles for the purine strand reflects the conformational
differences of A6 and A8, for which γ is in the trans range for
all structures, despite the fact that only loose torsion-angle
constraints, which excluded the g+ rotamer, were used in
the calculation. This result is consistent with the Σ4′ values,
and with the pattern observed for the cross-peaks H4′–H5′
and H4′–H5′′ in NOESY and DQF-COSY experiments
(Figure 4). In order to maintain the appropriate geometry
other changes must take place in the backbone to compen-
sate for the change in γ. This deviation from the standard
values occurs principally in α and β, whilst δ and ε remain in
the typical B range. As a result of this conformational
change, protons H5′ and H5′′ of A6 and A8 closely approach
the Hoogsteen strand, as shown by intense NOEs C31
H1′–A6 H5′/H5′′ and C33 H1′–A8 H5′/H5′′.
The glycosyl torsion angles are well defined by the NOE
data. In the Watson–Crick homopyrimidine strand, χ is in
the range observed for other nucleotides of the B family,
with smaller values in the triplex regions than in the duplex
regions (Figure 6). Significant deviations from the usual
values were detected in the homopurine strand. There is a
marked alternation of χ in the GAGAGA region, which
is observed to a lesser extent in the complementary Hoog-
steen strand. Some structural parameters such as the gly-
cosyl torsion angle and the sugar pucker are often cor-
related [25,26]; low values for χ are usually found in
nucleotides of the A family where the sugar adopts a
6 Structure 1999, Vol 7 No 1
Figure 5
Structure ensembles. Overlay of ten structures of J5′3′. The ten best
structures sorted according to energy and restraint violations were
superimposed. Strand I is in green, strand II is in yellow and strand III is
in silver (see Figure 1).
Table 2
Statistics of the structure calculations for J5¢, J3¢ and J5¢3¢.
J5′ J3′ J5′3′
Distance restraints:
Quantitative 202 194 351
Qualitative 80 90 128
Lower bounds 50 48 89
H bonds 33 32 47
Total distances 365 364 615
γ Restraints 9 10 17
v1+v2 Restraints 28 34 50
Pairwise rmsd/Å* 0.47 0.57 0.64 ± 0.18
Violations >0.2 Å 1 0 2
Maximum/A 0.2 – 0.25
*For ten structures. Restraints were obtained as described in the
Materials and methods section. v1,v2 restraints for the deoxyriboses
were derived from the analysis of the coupling constants and distances
from NOESY spectra recorded at different mixing times.
C3′-endo conformation (for example in C21 in J5′). Nev-
ertheless, analysis of the coupling constants in the homo-
purine strand shows that for all residues the furanose is in
the S region with a high degree of conformational purity.
In addition, the comparison with the corresponding parent
duplexes (D5′ and D3′) indicate that, although there is a
clear change in χ for A6 and A8, the conformation of the
furanoses is essentially the same in the duplex and triplex
state. Interestingly, A6 and A8 are both characterised by a
high fraction of the t conformation for γ. It has been sug-
gested that in DNA and RNA the glycosyl torsion angle is
partially fixed by a hydrogen bond between H8/H6 of the
bases and O5′ [27]. In this case, the changes in χ observed
in the homopurine strand upon triplex formation might
reflect the loss of a hydrogen bond that cannot form if γ
is not g+.
Helical parameters 
Helical parameters were calculated for the final ensemble
of J5′3′ and selected parameters were averaged over the
triplex residues. The duplex regions in general have a
small (positive) inclination, as expected for a B-like struc-
ture. The inclination decreases and becomes negative in
the triplex part, reaching its minimum value at residues 7,
8 and 9. In the 3′ duplex region, the inclination increases
again to reach a maximum in the terminal residues.
However, the structural data for the terminal base pair in
the 5′ end and the two terminal base pairs in the 3′ end
should be interpreted cautiously because of fraying.
The displacement of the helix axis towards the minor
groove (X displacement) is –2 to –2.5 Å in the triplex
region. This is comparable with values found in other
triplexes [6–11,21]. Surprisingly, the 5′ and 3′ duplex exten-
sions do not show the same behaviour in this case. Whereas
the duplex region at the 3′ end of the homopurine tract
shows significantly smaller values for the X displacement
(as expected for a B-like DNA duplex), the 5′ duplex has
values similar to those observed in the triplex part. This
suggests that the perturbation induced by the binding of
the third strand extends beyond the end of the triplex part
in the 5′ direction. Although these parameters are in general
not very well determined by the data, and depend to some
extend on the modelling process, this result is in agreement
with the analysis of chemical-shift changes (see above).
The rise (3.2 ± 0.2 Å) and twist (34 ± 1.6°,10.5 base pairs/
turn) are in the range observed for other triplexes. The
twist is larger at the 5′-duplex end than in the triplex
region, which is consistent with a small change in the
winding of the triplex compared with duplexes [6–11,21].
Groove dimensions
Minor- and major-groove parameters for the duplex were
determined as described in the Materials and methods
section. In the region of the duplex where the third strand
interacts, the minor groove is highly compressed, reaching
a minimum of 3.5 Å (6–7 Å in standard B DNA), which is
similar to the values found in dAn·dTn [28], whereas in
the duplex extensions the groove width is wider and more
similar to that of standard B DNA. However, the minor
groove at the 5′ junction (residues 4 and 5) is considerably
wider (8.5 Å; Figure 7) than elsewhere. This is supported
by the intensity of the H2n:H1′m+1cross-strand NOE,
which is absent around the junction (A25:G5), even at
long mixing times, but fairly intense in all other cases (cor-
responding to a distance of ~4 Å). 
As a result of the third strand binding in the DNA duplex,
the major groove is divided into two parts: the Crick–
Hoogsteen groove (formed by strands I and III) and the
Watson–Hoogsteen groove (formed by strands II and III;
Figure 1). Previous studies on triplex structures [6–11]
have concluded that both groove widths are essentially
independent of sequence and are one third and two
thirds of their corresponding duplex major-groove widths,
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Figure 6
Variation of glycosyl torsion angles in J5′3′. The glycosyl torsion angles
were determined as described in the text. (a) The variation of χ along
the Watson–Crick pyrimidine strand, (b) the values for the purine
strand and (c) the variation for the Hoogsteen strand. The two curves
correspond to the largest and smallest values found in the calculations.
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respectively. In contrast, our structure shows very signifi-
cant sequence-dependent variations in the size of the
Crick–Hoogsteen groove. Figure 8 shows the final ensem-
ble of J5′3′, depicting only the purine and the third strand,
and it can be observed that the groove dimensions are
consistently wider when there is a T in the third strand
and narrower when there is a C. This variation is reflected
in the intensities of the cross-strand H8n:H1′m-1 NOEs. For
example, the NOE intensity of GH8–TH1′ (e.g. between
G5 H8:T22 H1′, G7 H8: T24 H1′ and G9 H8:T26 H1′ in
J5′) is weak, whereas the NOEs for the AH8–CH+H1′ are
strong (e.g. A6H8–C23H1′ and A8 H8–C25 H1′). This
groove narrowing is associated with the experimentally
observed γ transition from g+ to t, which results in a change
in the neighbouring torsion angles α and β in the model,
so significantly distorting the backbone.
The structure of the Crick–Hoogsteen groove is of great
importance for triplex stability. It is generally accepted
that the relatively low stability of triplexes is due, in part,
to strong electrostatic repulsion between the negatively
charged phosphates of the strands that delimit this groove.
Stabilising electrostatic forces have been shown to exist at
low pH when the third strand contains cytosine [19,29,30].
Such triplexes are much more stable than those that consist
entirely of TA·T triplets [19], presumably because of sta-
bilising interactions with the phosphates. In these struc-
tures, the local conformation of the homopurine strand
shows variation as a consequence of the third strand
binding; the Crick–Hoogsteen groove structure becomes
narrower when the residue present in the third strand is
C+, and wider when it is a T. A simple explanation for this
could be that electrostatic interaction between C+ and the
negative phosphate is optimised by these groups being
closer together than the neighbouring (neutral)T-phos-
phate pairs, as is indeed shown by the models. This seems
to be achieved by the combination of a switch from A(g+)
to A(t) and a corresponding change in the glycosyl torsion
angle from around –110° to –150°. In addition, the Crick–
Hoogsteen groove is compressed in the proximity of C+,
which could restrict the access of water, creating a region of
locally reduced dielectric constant and enhance electrosta-
tic interactions. Similarly, this groove is wider near T and
would have increased access to both water and counterions.
Nevertheless, the long-range nature of electrostatic inter-
actions and the lack of information about hydration and
counterion condensation in these triplexes makes it diffi-
cult to be sure about the origin of this structural feature.
These features are especially noticeable in the alternating
GAGAGA region (effects near the ends are weaker because
of fraying). We have also observed this behaviour in other
triplexes containing one or two [21] CG·C+ triplets. The
characteristic upfield shift and splitting of the H4′ of the
adenine residues both 5′ and 3′ to G was observed in all
cases, indicating the presence of γ(t).  For example, in the
parallel triplex based on d(AAAAGAAAA), only the two
adenine residues immediately 5′ and 3′ to the guanine, and
not guanine itself, were γ(t); all other residues were γ(g+;
JLA, TB and ANL, unpublished results). Furthermore,
the weak intraresidue H8–H2′ NOEs indicated a glycosyl
torsion angle in the range –130° to –150° of the same
residues, compared with the more usual intense NOE for
the other purine residues. This also affects the sequential
H2′, H2′′(Ai-1)–H8(Gi) NOEs; in these junction molecules
the H2′–H8 NOE is more intense than the H2′′–H8 NOE,
in contrast to B DNA where the opposite relative intensi-
ties are observed. Hence, the presence of the CG·C+ triplet
causes an alteration in the nucleotide conformations in the
purines of the nearest neighbours, presumably by the inter-
action of the phosphate backbone with the positive charge
on the cytosine in the Hoogsteen strand.
The main features of the triplex portion of the molecules
studied are similar to those previously reported [6–11,21].
However, particularly noticeable is the alternation of the
glycosyl torsion angles along the purine strand in the triplex
state (GpA and ApG), and the presence of γ(t) in some of
the adenines. This is accompanied by the sugars of A(i)
and G(i-1) becoming much closer than is usual in either
standard A- or B-DNA duplexes, with a concomitant change
in the width of the groove formed between the purine
strand and the Hoogsteen strand, and the relative posi-
tions of the purine phosphates with respect to those of the
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Figure 7
Minor-groove widths in J5′3′. The ten best structures are overlaid with
the backbone shown as a ribbon; the colour scheme is as in Figure 5.
The plot of the minor-groove width (shown below the structure)
displays the decrease in the minor-groove width in the triplex region.
i+1 phosphate on the Hoogsteen strand (Figure 8). This
seems to be a general feature of these sequences, which
we attribute to the optimisation of charge interaction
between the phosphate groups and the positive charge on
the protonated cytosine base. 
In no other triplex structures has a C3′-endo sugar confor-
mation been reported. We find the 5′ terminal C residue
to be C3′-endo only in the context of a 5′-junction. This
suggests that the positive charge in the terminal cytosine
(proven by the HSQC experiment) may interact with the
negative phosphate backbone in the duplex extension,
and this interaction is optimised with C3′-endo. The
present models are consistent with this notion.
The 5′ and 3′ junctions are quite different in behaviour.
The induced shift changes persist further in the 5′ junc-
tion than in the 3′ junction. In addition, the 5′-terminal
cytosine residue in J5′ is C3′-endo. The effects of the
junction at the 5′ end are clearly propagated into the struc-
ture of the nearby duplex, as the minor groove there is
wider than average. Presumably, the return to the confor-
mation typical of mixed-sequence DNA requires more
than the four base pairs present in these molecules. In
contrast, the duplex returns to the normal mixed-sequence
conformation within one base pair of the 3′ junction. It has
been suggested on the basis of model building [14], DNase
I cutting [12,31] and preferential intercalation [13] that the
structure of the duplex in the triplex region differs from
that outside the triplex region, with different properties
between the 5′ and 3′ junctions. As DNase I cuts from
the minor groove, a narrower minor groove and a more
rigid structure would be expected to decrease DNase I
activity [32], whereas a wider minor groove could be
expected to result in an enhanced cutting frequency. The
structure shown in Figures 5 and 7 provides a simple
explanation for this behaviour. This work also shows that
the 5′ and 3′ junction are indeed different, and, at least
for the present sequence, how the conformations vary.
The asymmetry of the two junctions may also be expected
to lead to a difference in affinity for intercalators at the
triplex–duplex boundaries [13].
Biological implications
Targeting a DNA duplex with a third strand leads to the
formation of a triplex with a 5′ and a 3′ triplex–duplex
junction. The structure of these junctions, and the
nature of the terminal base triplet, may influence both
stability and specificity. Here, we have shown that the
properties of the CG·C+ triplet are quite different from
those of the neutral TA·T triplet, resulting in substantial
changes in the conformation of the purine strand. The
adenines are characterised by a large glycosyl torsion
angle and γ in the trans (~180°), rather than the more
common g+ (+60°) rotamer, whereas the guanine residues
are characterised by a lower glycosyl torsion angle and
γ(g+). This leads to a variation in the position of the third
strand in the Watson–Crick major groove, such that the
two grooves vary in width along the sequence. The vari-
ation of groove width is associated with the interaction
with the positive charge in the protonated cytosine
residues and is therefore sequence-dependent. These
features could be important for the recognition of
triplexes by proteins in vivo. In addition, these findings
have implications for the design of optimal triplex-
forming sequences, both in terms of the terminal bases
and the importance of including positive charges in the
third strand. Furthermore, the sequence dependence of
the conformation suggests that triplex-stabilising ligands
might be found that can discriminate between TA·T-
rich and CG·C+-rich sequences that depend not only on
the charge, but also on the local groove widths. This
could improve the stabilisation and specificity of anti-
gene triplex formation. 
Materials and methods
Intramolecular triplexes and duplexes were synthesised as described
previously [10]. The triplexes d(GAGAGACGTA)–X–(TACGTCTCTC)–
X–(CTCTCT), J3′; and d(CTCTCT)–X–(TCTCTCAGTC)–X–(GACT-
GAGAGA), J5′; and the corresponding duplexes d(GAGAGACGTA)–
X–(TACGTCTCTC), D3′; and (TCTCTCAGTC)–X–(GACTGAGAGA),
D5′ were independently synthesised and analysed by NMR spec-
troscopy. X denotes the non-nucleotide bis(octylphosphate) linker
[O(CH2)8-O-P(O2)-O-(CH2)8-O-P(O2)-O]. The underlining denotes the
triplex regions. The numbering of the bases of the two triplexes, and the
joined molecule J5′3′ is shown in Figure 1. UV-melting experiments
were carried out as described previously [21]. 
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Figure 8
Variation of the groove width formed between the purine and
Hoogsteen strands in J5′3′. View of ten overlaid structures looking into
the major groove. Arrows connect the phosphate group in the purine
strand to the C1′ of a nucleotide two steps along in the 3′ direction.
The length of the arrows gives an indication of the width of this new
groove along the sequence.
For NMR, purified samples were dissolved to a final concentration of
1.5 mM in 0.1 M KCl, 10 mM sodium phosphate, pH 5.0, containing
0.1 mM 2,2-dimethyl-2-silapentane-5-sulfonate. As the NMR spectrum
of J3′ (but not the corresponding duplex) recorded at 1.5 mM showed
evidence of specific dimer formation via stacking of the duplex termini,
all NMR spectra of this molecule were subsequently recorded at
0.5 mM in 8 mm NMR tubes. Under these conditions the dimer species
amounted to < 5%.
1H spectra were recorded at 11.75 and 14.1 T on Varian UnityPlus
and Varian Unity spectrometers, respectively. Spectra in 1H2O were
recorded using the gradient-echo Watergate read pulse [33] at 5°C.
NOESY spectra were recorded in both 1H2O and 2H2O. DQF-COSY
spectra were recorded in 2H2O. To obtain pure absorption mode
spectra, the hypercomplex method was used [34]. In the TOCSY
spectra, MLEV-17 was used for isotropic mixing [35], with mixing times
of 45 ms and a spin-lock field strength of 9 kHz. The data sets were
collected using 48–64 transients for each of the 300 t1 increments and
acquisition times between 0.5 and 0.7 s in t2 and 0.050 and 0.060 s in
t1.13C–1H HSQC [36] spectra of J5′ were recorded at 14.1 T with and
without 13C decoupling to provide both the 13C assignments from the
known 1H assignments, and the one-bond C–H coupling constants in
the bases [21]. All data were transferred to a Silicon Graphics Indigo 2
and processed with the program Felix (MSI, San Diego, version 95.0).
The free induction decays were apodized with a shifted sine-squared
function in t2 and t1, and were zero-filled in both dimensions to give a
final 8192 by 1024 real-data matrix.
Sugar conformations were determined from sums of coupling con-
stants and NOE data using a two-state model, as described previously
[10,23]. For structure calculations the parameters appropriate for the
major conformation were used in the restraint files. Σ4′ was used to
derive a constraint for the torsion angle γ [22,23,37]. In addition, some
experimental information about the backbone angle ε was obtained
from the H3′ linewidths. If the ε (g–) rotamer is significantly populated
(H3′ trans to P), the large 3JHP (>20 Hz) makes the Σ3′ value much
larger than 20 Hz [24]. In all cases Σ3′ was in the 12–18 range, which
rules out ε(g–). Σ3′ values were not used to create constraints in the
structure refinement, but were used as a check on the final structures.
Interproton distances were derived from NOESY cross-peak volumes
using the MARDIGRAS program [38,39]. For J3′, NOESY data sets
recorded with mixing times of 300 ms, 200 ms and 125 ms, and for
J5′ mixing times of 250 ms and 175 ms were used. These triplex
sequences (six-base triplets) are too short for determining reliable
groove widths. However, the chemical-shift differences, Σ1′ values for
the furanoses, and NOE intensities for the inner two triplets in J5′
(C23G7·C14 & T24A8·T13) and J3′ (C23G3·C18 & T24A4·T17) are almost
identical. We therefore combined J5′ and J3′ to create a single triplex,
J5′3′ (Figure 1), having four base pair duplex regions at both ends. The
constraints obtained from J5′ and J3′ were used for the first and
second halves of J5′3′, respectively. The central two triplets of J5′3′
contained restraints from both J5′ and J3′, which were in perfect agree-
ment with one another. This procedure slightly increases the number of
constraints in the middle of the triplex region (where the spectral
overlap in the pyrimidine strands is the most severe). At the same time
it allows a better definition of certain structural parameters, such as
widths of the minor and major grooves.
Starting models for the MARDIGRAS [40] calculations were the A form
and B form of both molecules. The A form was built from an A DNA
triplex model based on fibre-diffraction studies, using the Biopolymer
module within InsightII (Molecular Simulations Inc., San Diego). The
B form was built from the A form using restrained molecular-dynamics
simulations in which all dihedral angles in the duplex part were con-
strained to their standard values in B DNA; standard hydrogen bond
constraints were used both for the duplex part and between the Hoog-
steen and purine bases; and glycosyl torsion angles in the Hoogsteen
strand were constrained to the anti range (–100 to –160°). All models
comprised three separate strands; the linkers, which showed few
unambiguous NOEs, were not included in the calculations.
Quantitative interproton-distance bounds for the restrained molecular-
dynamics refinement were calculated using the RANMARDI modifica-
tion of MARDIGRAS [40], which provides upper and lower bounds on
the distances, as described previously [21]. These calculations were
carried out for all mixing times and two correlation times for each of two
initial models for J5′ and J3′. Those NOEs that could not be accurately
integrated because of spectral overlap were classified by visual inspec-
tion as strong (2–2.6 Å), medium (2–3.5 Å) and small (3–5 Å) using a
short mixing time NOESY (qualitative constraints). Qualitative con-
straints were classified in a similar way for NOEs involving exchange-
able protons. Those proton pairs whose NOEs were absent in the
300 ms NOESY spectrum were constrained with a lower bound of
4.5 Å (or 5 Å when a methyl group was involved).
Structures were refined by restrained molecular dynamics using Dis-
cover 95.0 (Molecular Simulations Inc., San Diego) with the AMBER
forcefield. The scaling factor for non-bonded interactions was 0.5. All
calculations were made without charges and a cut-off for the non-
bonded interactions of 12 Å. No backbone constraints based on phos-
phorus chemical shifts were used. The geometry of the base triplets
was restrained with standard hydrogen-bond distances. In addition,
planarity restraints with a low weight factor of 2 kcal mol–1 rad–2 were
applied to each triplet at all refinement steps. This favours overall pla-
narity of the triplets if no specific distance restraints cause out-of-plane
tilting of particular bases.
The refinement of the initial structures was essentially as described
previously [21], with restrained energy minimisation followed by
restrained molecular dynamics (rMD) starting at 800K, with slow
cooling to 300K. At least 10 rMD calculations were performed on each
molecule. Five trial back calculations were then made using the
program CORMA [41], which showed that the number of violations
(greater than twofold in the NOE intensity) could be traced to overgen-
erous bounds on restraints. These restraints were tightened on the
basis of CORMA calculations, and the final set of restraints used for
further rMD.
A final ensemble of ten structures (five starting from the A form and five
starting from the B form) was calculated for J5′3′ using the refined con-
straint set. Structural quality was assessed by the rmsd values, the rela-
tive energies, and the agreement between calculated and experimental
NOE data as expressed by R1 and R1/6 values [39,42]:
R1 = (1/N) Σ | NOE(calc) – | NOE(obs) | / | NOE(obs) |
R1/6 = (1/N) Σ | NOE(calc)1/6 | – | NOE(obs)1/6 | / | NOE(obs)1/6|
All backbone torsion angles, sugar conformations and helical parame-
ters were calculated with the program  CURVES 5.1 [43].
Accession numbers
Coordinates and restraints have been deposited in the Brookhaven
Protein Data Bank with accession codes 1bwg and r1bwgmr,
respectively.
Supplementary material
Supplementary material available with the internet version of this
paper contains tables of chemical shift assignments, coupling con-
stants and helical and torsion angles; and five figures of NMR spectra
and helical parameters.
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